A beam containing methane and molecular chlorine is expanded into a vacuum where the methane is excited with two quanta of C-H stretching ͑one quantum each in two of the four C-H bonds͒. The reaction is initiated by fast Cl atoms generated by photolysis of Cl 2 at 355 nm, and the resulting CH 3 and HCl products are detected in a state-specific manner using resonance-enhanced multiphoton ionization. Speed-dependent spatial anisotropies (␤ prod ) of HCl and CH 3 products allow identification of three major product channels. They are in order of importance: ͑a͒ HCl (v ϭ0)ϩCH 3 ͓ 1 ͑symmetric stretch͒ or 3 (asymmetric stretch)ϭ1͔; ͑b͒ HCl (vϭ1)ϩCH 3 ͓ 2 (umbrella bend)ϭ1)]; and ͑c͒ HCl (vϭ1)ϩCH 3 ( 1 ϭ1). The CH 3 (vϭ0) product cannot be detected, and the HCl (vϭ2) product is minor. Channels ͑a͒ and ͑c͒ proceed in a vibrationally adiabatic manner, whereas channel ͑b͒ appears to involve the nonadiabatic interaction involving the low frequency bending mode in methane that correlates to the bending mode in the methyl radical product. The angular distributions differ markedly for the three product channels. This behavior is explained by the propensity for reactive collisions involving H-atom transfer along the line of centers and the difference in the cones of acceptance. The rotational angular momentum vector of the HCl (vϭ1, Jϭ1) product is aligned perpendicular to the line of centers, which is consistent with an impulsive energy release along the line of centers. Our results clearly demonstrate that the direct and local mode picture of the chemical reaction remains largely valid, which connects vibrational excitation to the scattering dynamics.
I. INTRODUCTION
Because polyatomic molecules have more than one mode of vibration, it is important to compare one vibrational mode of the reagent to another in influencing reactivity and in controlling product state distributions in bimolecular reactions. The concepts of mode and bond selectivity have been experimentally examined in only a few simple reaction systems thus far, 1, 2 and much work remains to be done to explore this topic.
We have investigated the reaction of atomic chlorine with vibrationally excited methane. This reaction provides an excellent opportunity to explore the above-mentioned aspects of a vibrationally activated reaction. The ClϩCH 4 reaction produces CH 3 , a polyatomic product, so that we can investigate the vibrational energy disposal among the vibrational modes of ''old bonds'' (CH 3 ) as well as the ''new bond'' ͑HCl͒. As in the case of the reaction of H atoms with vibrationally excited H 2 O, 3, 4 recent work on the reaction of Cl atoms with stretch-excited CH 4 shows that the reactivity enhancement upon vibrational excitation is localized in a C-H bond. 5 Furthermore, Kim et al. have reported strong mode specificity and bond selectivity in the reaction of atomic chlorine with methane ͑CH 4 , CH 2 D 2 , and CHD 3 ͒ excited to its first C-H stretch overtone. Only the activated C-H bond within the partially deuterated methane takes part in the reaction, and the pattern of the vibrational excitation of the methyl radical indicates that the reaction proceeds without major energy redistribution of the initial vibrational motion of the methane reagent.
In this paper, we report the results of a more detailed investigation of the reaction, ClϩCH 4 ͑ 3 ϭ2 ͒→HClϩCH 3 , ͑1͒
in which the methane is prepared in its asymmetric stretch vibration, one quantum each in two of its four C-H oscillators. The focus of this study is twofold. First, we investigate the correlated vibrational energy partitioning between HCl and CH 3 products in order to probe how and where the initial vibrational energy is channeled. Second, the state-resolved differential cross sections and the product rotational polarization are studied to understand the scattering dynamics of this reaction. Our results lead us to propose a simple model to explain the correlation of the angular distribution, the energy release, and the rotational alignment of the HCl product.
II. BACKGROUND
A. IR spectroscopy of methane near 6000 cm
À1
The first overtone transition of the triply degenerate 3 ͑asymmetric stretching͒ mode of methane is composed of A 1 , F 2 , and E symmetry species. Among them, only the excited states with F 2 symmetry ͓2 3 (F 2 )͔ are allowed by one-photon IR excitation. The stretching modes of CH 4 have a͒ Author to whom correspondence should be addressed. Electronic mail: zare@stanford.edu some bending character owing to the Fermi resonance between one stretching quantum and two bending quanta. In fact, a rigorous description of this eigenstate requires a polyad approach that takes into account the interactions between vibrational states. 6, 7 Extensive spectroscopic and theoretical studies on this subject can be found in Refs. 6 -11. In particular, theoretical modeling of the IR spectra by Halonen and Child, 9 and Halonen 10 showed that the 2 3 (F 2 ) eigenstate is dominated by C-H stretching local mode character that corresponds to the assignment ͉1100;F 2 ͘ ͑one stretching quantum in each of two C-H oscillators͒ with approximately a 10% contribution from bending. Without a knowledge of methane reactivity associated with excitation of the bending mode, the bending mode contribution to the 2 3 (F 2 ) eigenstate could cause difficulty in interpreting the reactivity. Recent results by Kim et al., 5 however, clearly show the dominant role of stretching character in the reaction of stretchexcited methane with atomic chlorine.
B. Energetics
This reaction is slightly endothermic (⌬H 0 ϭ660 cm Ϫ1 ), and the estimated reaction barrier is ϳ1000 cm Ϫ1 ͑Ref. 12͒ ͑see Fig. 1͒ . The 355 nm photolysis of Cl 2 provides 1200Ϯ100 cm Ϫ1 of center-of-mass ͑CM͒ collision energy (E coll ), and the vibrational excitation of CH 4 supplies an extra 6000 cm Ϫ1 of energy. Hence the total available energy is 7200 cm Ϫ1 , which is well above the reaction threshold. Also shown in Fig. 1 ͒. Also, the 2 bend of CH 3 and the reaction endothermicity are similar. Consequently, the product channels HCl (vϭ1)ϩCH 3 ͑ 1 or 3 ϭ1͒ and HCl (vϭ2)ϩCH 3 ͑vϭ0 or 2 ϭ1͒ have similar energetics. Likewise, the HCl (vϭ1)ϩCH 3 ͑vϭ0 or 2 ϭ1͒ and the HCl (vϭ0)ϩCH 3 ͑v 1 or 3 ϭ1͒ channels are nearly isoenergetic. Figure 1 illustrates that this reaction presents an interesting opportunity to compare the relative propensity toward the nearly isoenergetic product channels.
C. Methodology
The procedures for obtaining the differential cross sections ͑DCS͒, the spatial anisotropies, and the angle-resolved alignment were described in previous publications. [13] [14] [15] We present only a brief outline of the methods. The coreextracted time-of-flight ͑TOF͒ profiles taken with parallel (I ʈ ) and perpendicular (I Ќ ) photolysis polarization with respect to the TOF axis can be converted to isotropic I iso ϭI ʈ ϩ2I Ќ and anisotropic I aniso ϭ2(I ʈ ϪI Ќ ) components. The isotropic component contains information on the laboratory speed distribution (d/dv prod ). This speed distribution can be uniquely transformed into the DCS (d/d cos ) with the knowledge of the internal energy of the unobserved product. The internal energy of the unobserved product ͑hereafter, called co-product͒ can be determined by measuring the spatial anisotropy of the observed product ␤ prod (v) which is related to the kinematics of the photoinitiated reaction by
In Eq. ͑2͒ P 2 is the second-order Legendre polynomial, u is the angle between the center of mass ͑CM͒ velocity and the product laboratory velocity, as determined uniquely by the internal energies of the reagents, products, and the reaction enthalpy, and ␤ phot is the spatial anisotropy associated with the photodissociation step for the Cl-atom precursor. 16 The ␤ prod (v) for the HCl product in a particular ro-vibrational state contains information on the internal excitation of the CH 3 that is produced in coincidence with that particular HCl product. Likewise, ␤ prod (v) of the state-selected CH 3 product has information on the internal energy of the HCl coproduct. Therefore, these complementary measurements reveal detailed features of the correlated energy disposal between HCl and CH 3 products as well as providing information needed for converting the speed distribution to a DCS.
For the analysis and interpretation of the rotational polarization of HCl (vϭ1, Jϭ1), we use the stationary-target frame ͑STF͒ 13 in which the z axis ͑quantization axis͒ is parallel to the laboratory velocity of the product, and the y axis is defined to be normal to the scattering plane. The spatial averaging associated with the STF→LAB frame transformation partially washes out the off-diagonal moments ͓A 1 (2) ͑STF͒ and A 2 (2) ͑STF͔͒ of the reaction product, and the degree of this averaging depends on the kinematics and the CM scattering angle. On the other hand, the A 0 (2) ͑STF͒ moment is not averaged out by the frame transformation. In our experiment, only 10% of the off-diagonal moments survive the spatial averaging. In spite of repeated attempts, it was not possible to obtain TOF profiles with sufficient signal-to-noise ratio to extract all the moments. Therefore, we neglect the off-diagonal contributions in our analysis of the rotational alignment HCl (vϭ1, Jϭ1) product. This simplification is an excellent approximation for the forward and sideway scattered regions, but it becomes less rigorous in the backward scattered direction. The linearly polarized 355 nm photolysis beam is generated by frequency tripling the fundamental of the Nd:YAG laser output ͑ϳ100 mJ, PL9020, Continuum͒. The IR radiation at 1.6 m is obtained by parametrically amplifying ͑in a LiNbO 3 crystal͒ 3.3 m radiation that was generated by difference-frequency mixing of 1.06 m radiation ͑Nd:YAG fundamental output͒ and the output of a dye laser ͑ND6000, Continuum; LDS768, Exciton͒ in another LiNbO 3 crystal. The probe light for REMPI is generated by frequency doubling ͑in a BBO crystal͒ the output of a dye laser ͑FL2002, Lambda Physik͒ pumped by a Nd:YAG laser ͑DCR-2A, Spectra Physics͒. For HCl detection, we use Exciton LDS489; for CH 3 detection, we use an exciton DCM/LD698 mix. The photolysis, IR, and probe beams are focused and spatially overlapped with the supersonic expansion using f.l.ϭ50 cm lenses.
III. EXPERIMENT
The rotational distributions of the HCl products are obtained by a method similar to that of Simpson et al. 15 For the detection of HCl (vϭ2) products, we use the R-branch lines of the ͑1, 2͒ band of the HCl F 1 ⌬ -X 1 ⌺ ϩ transition. 17 Correction factors that are needed to convert the integrated signal to the population were determined by a separate IR-REMPI double resonance experiment on HCl (vϭ0) impurities present in our expansion ͑see the Appendix͒.
A photoelastic modulator ͑PEM-80, Hinds International Inc.͒ flips the linear polarization direction of the photolysis laser between parallel and perpendicular to the TOF axis on an every-other-shot basis. The isotropic I iso ϭI ʈ ϩ2I Ќ and anisotropic I aniso ϭ2(I ʈ ϪI Ќ ) components of the TOF profiles are used to extract the speed-dependent spatial anisotropy of the products ␤ prod (v) by fitting these components to basis functions generated by a Monte Carlo simulation. During the measurement of the alignment moment, A 0 (2) ͑STF͒, of HCl (vϭ1, Jϭ1) products, the PEM is placed in the probe laser path, and the polarization of the photolysis beam is set perpendicular to the TOF axis. The core-extracted TOF profiles with probe polarization parallel (I ʈ (2) ͑STF͒ moment after correcting for the hyperfine depolarization (G (2) ϭ0.25).
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IV. RESULTS
A. HCl and CH 3 product state distributions
The product state distributions of HCl (vϭ0), HCl (v ϭ1), and HCl (vϭ2) are shown in Fig. 2 . We are unable to record the populations for HCl (vϭ0, Jϭ0) and HCl (v ϭ2, Jϭ0) states because of significant interference from HCl (vϭ0, Jϭ0) impurities and because of the lack of an isolated transition for detecting HCl (vϭ2, Jϭ0) via the ͑1, 2͒ band of the F -X transition. Rotational distributions for each vibrational manifold are very cold. The rotational energy only accounts for a small percentage of the total energy available for the reaction ͑see Table I͒ . A slight decrease in average rotational excitation with vibrational excitation of HCl is also observed. The vibrational branching obtained by integrating each of the rotational distributions shows that most of the products are produced in HCl (vϭ0) ͑69.0%͒ and HCl (vϭ1) ͑30.9%͒, with an almost negligible ͑0.1%͒ contribution from HCl (vϭ2). (1 1 1 ). 19, 20 A short progression in the umbrella bending mode ͑2 1 1 and 2 2 2 bands͒ is also evident. We estimate an upper bound of 3% for the population ratio of CH 3 (vϭ0) to CH 3 ( 2 ϭ1), using the calculated ratio of Franck-Condon factors for 2 0 0 versus 2 1 1 transitions
, together with the assumption that the predissociation and ion-fragmentation rates associated with the 2 1 1 band 2 0 0 are the same. Figure 4 shows the TOF profiles of CH 3 obtained from the 1 1 1 and 2 1 1 bands. The TOF profile of CH 3 ( 1 ϭ1) shows a sharp peak near time zero, with broad features on both sides. The speed distribution ͓Fig. 5͑a͔͒ is energetically allowed for both HCl (vϭ0) and HCl (vϭ1) channels, but the formation of HCl (vϭ2) co-products is energetically not possible. Figure 5͑b͒ shows the measured spatial anisotropy of CH 3 ( 1 ϭ1) compared with the expected curves, ␤͓v;HCl(vϭ0)ϩCH 3 ( 1 ϭ1)͔ and ␤͓v;HCl(vϭ1) ϩCH 3 ( 1 ϭ1)͔. The spatial anisotropy follows the ␤͓v;HCl(vϭ1)ϩCH 3 ( 1 ϭ1)͔ curve at lower velocities, whereas it converges to the ␤͓v;HCl(vϭ0)ϩCH 3 ( 1 ϭ1)͔ curve at higher velocities. From the measured spatial anisotropy, the speed distribution shown in Fig. 5͑a͒ is decomposed into contributions from the HCl (vϭ0) and HCl (v ϭ1) channels ͓see Fig. 5͑c͔͒ . The low-speed component of the CH 3 ( 1 ϭ1) product is mostly produced with HCl (v ϭ1), and the high-speed one corresponds to the HCl (v ϭ0) co-product. Figure 6 shows a similar analysis for the CH 3 ( 2 ϭ1) product. The measured spatial anisotropy closely follows the curve ␤͓v;HCl(vϭ1)ϩCH 3 ( 2 ϭ1)͔ throughout the entire velocity range. We conclude that the CH 3 ( 2 ϭ1) product is produced almost exclusively with the HCl (vϭ1) product. Figure 7 shows the isotropic and anisotropic components of the core-extracted TOF profiles of HCl (vϭ1, Jϭ1) ͓Fig. 7͑a͔͒ and HCl (vϭ0, Jϭ5) ͓Fig. 7͑b͔͒ obtained using the R(1) line of F -X ͑1, 1͒ band and the R(5) line of the F -X ͑0, 0͒ band, respectively. The signal-to-noise ratio prevented us from obtaining TOF profiles of HCl (vϭ2) products. TOF profiles of HCl (vϭ1) in higher rotational states (J ϭ4,5) show only slight variations in shape ͑not shown͒. The acquisition of the TOF profiles of HCl (vϭ0) product is primarily limited by interference from the rotationally cold HCl (vϭ0) impurity background. Only the HCl (vϭ0) products with JϾ4 have a large enough signal-tobackground ratio to permit us to obtain the TOF profiles of HCl (vϭ0) products. The speed distribution and the spatial anisotropy of the HCl (vϭ1, Jϭ1) products are shown in Figs. 8͑a͒ and 8͑b͒, respectively. Figure 8͑b͒ compares the spatial anisotropy of HCl (vϭ1, Jϭ1) with the expected curves for different modes of methyl co-product vibrational excitation. From the methyl radical REMPI spectrum ͑shown in Fig. 3͒ , we rule out the presence of ground-state CH 3 co-products; hence, it is not included in the plot. The mea- ϭ1). Hence, we attribute this deviation to a small contribution from HCl(vϭ1)ϩCH 3 ( 1 ϭ1). 22 We estimate an upper bound for this contribution to be 10% of the total HCl (vϭ1) product. product closely follows the curves that correspond to 1 ϭ1 or 3 ϭ1 excited methyl radical within the entire speed range, which is in agreement with the result of the measurement of the CH 3 ( 1 ϭ1) product. We conclude that most of the HCl (vϭ0) products are produced in coincidence with the CH 3 ͑ 1 or 3 ϭ1͒ products.
B. Speed distributions and the spatial anisotropies of CH 3 and HCl products
In summary, from the measurements of the spatial anisotropies of both HCl and CH 3 products, we identify the following three product channels ͑in order of importance͒:
which hereafter are called channels ͑a͒, ͑b͒, and ͑c͒. Figure 10 presents the DCSs for the HCl (vϭ0) and HCl (vϭ1) products obtained from analyses of the speed distributions of HCl and CH 3 products. The DCS for channel ͑c͒ is obtained from the deconvoluted speed distribution of the HCl(vϭ1)ϩCH 3 ( 1 ϭ1) channel shown in Figs. 5͑a͒-5͑c͒. The differential cross sections show dramatic channel specificity: channel ͑a͒ shows side/back scattering; channel ͑b͒ shows side scattering; channel ͑c͒, which is almost a thermoneutral channel, shows forward scattering. The DCSs for channels ͑b͒ and ͑c͒ decrease sharply in intensity near the scattering angle, cos ϳ0.6. In later sections, we will show that this cutoff in the angular distribution is consistent with the picture of impulsive energy release along the line of centers.
C. State-resolved differential cross sections
It is worthwhile to compare our DCSs with those of HCl products from the reaction ClϩCH 4 ͑ 3 ϭ1 or ͉1000;F 2 ͘ in local mode notation͒. 15 The reaction channels Cl 
D. Rotational polarization of the HCl "vÄ1, JÄ1… product
The scattering-angle resolved alignment moment A 0
͑STF͒ for the HCl (vϭ1, Jϭ1) product is obtained from the R(1) line of the HCl F -X ͑1, 1͒ band. Figures 10͑a͒ and  10͑b͒ show the isotropic I iso probe and anisotropic I aniso probe components of the TOF profile of HCl (vϭ1, Jϭ1). The poor signal-to-noise ratio of the anisotropic component is partly caused by the severe hyperfine depolarization of HCl (v ϭ1, Jϭ1) that washes out 75% of the initially prepared alignment. From the procedures described in Secs. II C and III, the A 0 (2) ͑STF͒ moment was obtained as a function of the CM scattering angle, and the results are presented in Fig.  11͑c͒ . Overall, the A 0 (2) ͑STF͒ moments are positive for most scattering angles, and they converge to zero in the backward scattering region. A positive value of A 0 (2) ͑STF͒ corresponds to a preference for the J HCl vector to point parallel or antiparallel to the laboratory velocity vector. ϭ1). To obtain the DCS for channel ͑b͒, the contribution from channel ͑c͒ was removed from the speed distribution of HCl (vϭ1, Jϭ1). The error bars represent 2 nϪ1 of replicate measurements.
V. DISCUSSION
A. Rotational excitation of the products
In Sec. IV A, we showed that only a small percentage of energy is channeled into product rotation and most of the energy is deposited in either vibration or translation. The HCl (vϭ0) products are exclusively formed via reaction channel ͑a͒ and HCl (vϭ1) products are formed mostly via channel ͑b͒ with a small contribution from channel ͑c͒, as was shown in Sec. IV B. Therefore the rotational distribution for HCl (vϭ0) represents the dynamics of channel ͑a͒. In the same way, the rotational distribution for HCl (vϭ1) represents almost exclusively the behavior of channel ͑b͒.
The rotational distribution for HCl (vϭ0) ͓channel ͑a͔͒ products shows a remarkable similarity to that of the HCl (vϭ0) products from the ClϩCH 4 ͉1000;F 2 ͘→HCl (v ϭ0)ϩCH 3 ͑vϭ0 or 2 ͒ reaction. The rotational distribution for HCl (vϭ1) products ͓mostly via channel ͑b͔͒ shows a somewhat colder distribution than that of HCl (vϭ0) products. The HCl (vϭ2) rotational distribution is even colder than those of HCl (vϭ0) and HCl (vϭ1) products, and it is primarily restricted by the available energy for the HCl (v ϭ2) channel.
Owing to insufficient spectroscopic information on the 1 1 1 and 2 1 1 bands, caused by unresolved rotational lines, we were unable to obtain the rotational distribution of the CH 3 product. We argue, however, that the rotational distribution of the methyl radical is also cold. Assuming that an impulse is released along the reactive C-H bond, a slightly bent transition state of Cl-H-CH 3 will cause both HCl and CH 3 to rotate. However, because the center of mass of CH 3 is located at the central carbon atom, CH 3 should have less torque imparted on it than HCl. Consequently, the degree of rotational excitation should be less for CH 3 than for HCl.
It is tempting to associate the observed cold rotational distributions with the collinear transition state geometry for the hydrogen abstraction reaction. However, the model recently proposed by Picconatto et al. 23 warns that this conclusion may not be valid. They propose that the observed cold rotational distributions of the HCl product in ClϩCH 4 and in related ClϩR-H ͑RϭC 2 H 5 , C 3 H 6 , etc.͒ systems are a consequence of the heavy-light-heavy kinematics rather than the linearity of the transition state geometry. Our rotational distributions are within the proposed kinematic limit, providing credibility to the model. However, the rotational distributions are distinctly different for the nearly isoenergetic channels ͑a͒ and ͑b͒. This behavior indicates that the rotational distribution is not completely determined by the kinematics. We propose an explanation in terms of a difference in the cone of acceptance. If we assume that the dominant reactivity associated with channel ͑a͒ is caused by the looser transition state than that of channel ͑b͒, it is likely that channel ͑a͒ has a wider cone of acceptance, which allows a larger torque to be exerted on the HCl (vϭ0) product. In comparison, channel ͑b͒ is less favored ͑tighter transition state͒, and therefore has a narrower cone of acceptance, which leads to a colder rotational distribution. In addition, an increased cone of acceptance for channel ͑a͒ influences the differential cross section, as we discuss in Sec. V C. Overall, we believe that the rotational distributions of HCl products are determined by the interplay of the heavy-light-heavy kinematics and the geometrically restricted reaction dynamics through its cone of acceptance.
B. Product channels
From the results shown in the preceding sections, it is clear that a general feature of this vibrationally enhanced reaction is that only one of the two activated C-H bonds is strongly coupled to the reaction coordinate, whereas the other activated C-H bond is more or less a spectator. This picture is borne out by the following observations. First, from the REMPI spectrum of CH 3 we found no detectable ground-state methyl radical. Instead, we observed the symmetric stretching band. Second, the vibrational state distribution of HCl indicates a negligible amount of HCl (vϭ2) product. Such products can only occur by extracting two C-H stretching quanta from two spatially separated C-H (vϭ1) oscillators, which is an unfavorable pathway for a direct reaction. Third, all of the HCl (vϭ0) products are produced in coincidence with CH 3 ͑ 1 or 3 ϭ1͒ ͓channel ͑a͔͒, and some of the HCl (vϭ1) products are produced with CH 3 ( 1 ϭ1) ͓channel ͑c͔͒. In both channels, the vibrational state of the methyl radical product arises from the direct projection of the motion of the vibrationally excited methane. Finally, a striking parallelism exists in the DCSs between the ClϩCH 4 ͉1000;F 2 ͘→HCl (vϭ0,1)ϩCH 3 ͑vϭ0 or 2 ϭ1͒ and ClϩCH 4 ͉1100;F 2 ͘→HCl (vϭ0,1)ϩCH 3 ( 1 or 3 ϭ1͒ reactions. 15, 22 From these experimental observations, we conclude that a majority ͓ϳ73%; channels ͑a͒ and ͑c͔͒ of the reaction proceeds without energy redistribution of the excited C-H bonds.
The product channel ͑b͒ HCl (vϭ1)ϩCH 3 ( 2 ϭ1) that accounts for approximately 27% of the reaction cannot be explained by a simple, adiabatic picture. In this channel, two C-H stretch quanta ͑6000 cm Ϫ1 ͒ of CH 4 are directed into HCl vibration ͑2991 cm Ϫ1 ͒ and translation ͑2400 cm Ϫ1 ͒, leaving the CH 3 product in the umbrella bending mode ͑606 cm Ϫ1 ͒ state. An analogous experiments on ClϩCH 2 D 2 ͑Refs. 5 and 24͒ also show the same behavior, indicating that energy flow is restricted between the two initially excited C-H bonds. One peculiar aspect of this channel is the dominant excitation of the umbrella bending mode in CH 3 ( 2 ϭ1), instead of the ground state CH 3 . One explanation can be given in terms of the possible role of low-frequency bending mode character either originally present in the eigenstate of CH 4 we prepare, 10 or excited via interaction with the Cl atom. According to Corchado et al., 25 the 4 mode of CH 4 is closely coupled to the reaction coordinate and adiabatically correlated to the 2 ͑bending͒ mode of the CH 3 product. Classically, this correlation is equivalent to the geometric change from the pyramidal structure of CH 3 moiety in the transition state to the planar methyl radical product. If we assume that the low-frequency bending mode of CH 4 facilitates the interbond coupling, the products from this nonadiabatic channel will show an enhanced production of the lowfrequency bending modes, i.e., the dominant excitation of the umbrella bending mode of the CH 3 product.
Partial breakdown of the spectator bond limit has been observed in systems such as ClϩHCN and ClϩH 2 O, 26, 27 where the breakdown is ascribed to either the formation of a long-lived complex or a fast entrance channel interaction. A recent theoretical model by Fair et al. 28 suggests that this entrance channel interaction could be particularly significant for molecules with degenerate vibrations such as H 2 O or CH 4 . We find that the reaction ClϩCH 4 ͉1100;F 2 ͘ proceeds largely via vibrationally adiabatic pathways, but some nonadiabatic coupling is likely occurring in channel ͑b͒.
C. Channel-specific differential cross sections
As shown in Fig. 9 , the angular distributions differ significantly for each HCl product channel. The HCl (vϭ0) ϩCH 3 ͑ 1 or 3 ϭ1͒ channel ͑a͒ is side and backward scattered, the HCl (vϭ1)ϩCH 3 ( 2 ϭ1) channel ͑b͒ is side scattered, and the HCl (vϭ1)ϩCH 3 ( 1 ϭ1) channel ͑c͒ is forward scattered. In this section, we account for the channel-specific DCSs in terms of a simple hard sphere model. It has been shown that the H-atom abstraction reaction that involves transfer of the H atom away from the center of mass of the polyatomic reagent prefers collisions with high impact parameters. This so-called peripheral dynamics [29] [30] [31] is a consequence of ͑1͒ the direct, localized reactivity of the polyatomic reagent, ͑2͒ a narrow cone of acceptance around the reactive bond, and ͑3͒ the fact that the H atom is far from the center of mass of the polyatomic reagent. On the other hand, a wide cone of acceptance for the reaction will result in an approximately uniform, nonperipheral opacity function. We model the opacity function as follows:
P͑b;w,n ͒ϭ͑ 1Ϫw ͒b n ϩw if bр1,
where b is the reduced impact parameter ͑we set the maximum impact, b max , as 1͒. The parameter w describes the difference in reactivity between collisions of maximum and minimum impact parameter. If wϭ1, the reaction does not have any preference toward high-impact parameter and corresponds to a simple hard sphere collision ͑nonperipheral opacity function͒. On the other hand, wϭ0 represents the maximum differential reactivity between the lowest and the highest impact parameters ͑peripheral opacity function͒. The parameter n determines how fast the reactivity converges to the baseline as we move toward lower impact parameters ͑see Fig. 12͒ . In modeling and interpreting DCSs, we use the parameter w as a measure of the width of the cone of acceptance. Also, we assume that the C-H bond is broken and an impulse is released when Cl and H-CH 3 are in hard-sphere contact. The quasiclassical trajectory calculation by Levine and co-workers 31 on the ClϩCH 4 ( 3 ϭ1) reaction shows the one-to-one correspondence between the impact parameter and the scattering angle expected for hard-sphere collisions. In this reaction, the mass of the H atom is much smaller than the masses of Cl and CH 3 . Therefore, for simplicity's sake, we assume that there is an exchange of momentum between the collision partners, but not a change in mass, i.e., the reduced mass of the reagents and the products are the same. The collision of two structureless, hard spheres, AϩB, with collision radius d and the impact parameter b causes the exchange of momenta along the line of centers ͑d , unit vector͒ of the two collision partners ͓see Fig. 13͑a͔͒ : FIG. 12 . Model opacity functions ͓see Eq. ͑3͔͒ for the description of peripheral dynamics: ͑a͒ Peripheral opacity function ͑wϭ0.2 and nϭ3, solid line͒, ͑b͒ nearly uniform opacity function ͑wϭ0.8 and nϭ3, dotted line͒, and ͑c͒ hard-sphere opacity function ͑dashed-dotted line͒.
where p ជ ϭp ជ A ϭϪp ជ B and p ជ Јϭp ជ A Ј ϭϪp ជ B Ј are the CM momenta before and after the collision, respectively. In Eq. ͑5͒ ⌬E is the kinetic energy release upon contact, and is the reduced mass of the collision partners. Equation ͑5͒ leads to an expression for the scattering angle as a function of impact parameter that is identical to that of the DIPR ͑direct interaction with product repulsion͒ model proposed in the context of charge-transfer reactions. , E 0 ϭp 2 /2, and sin ␣ϭb/d. A few points regarding Eq. ͑6͒ are in order. For a thermoneutral channel (⌬Eϭ0), Eq. ͑6͒ reduces to the well-known formula for hard-sphere elastic scattering, cos ϭ2(b/d) 2 Ϫ1. The minimum scattering angle cos min for a given impulse, ⌬E is achieved with maximum impact parameter ͓see Fig.  13͑b͒ , ␣ϭ/2, bϭb max ͔:
Note that cos min is dependent only on the relative amount of the impulsive energy release, and Eq. ͑7͒ suggests that a minimum deflection trajectory is a result of a simple ͑or-thogonal͒ vector sum of the velocity vectors associated with impulse release (p ជ imp ) and the elastic components (p ជ 0 ). With a negligible impulse release, it is possible to have forward-scattered products. However, with significant impulse release, a minimum amount of deflection is required. In general, the impulse need not be released at the time of hardsphere contact, in which case the limiting behavior of the scattering angle does not necessarily hold. The differential cross section can be readily obtained by the following relationship:
͑8͒ Figure 14 compares differential cross sections from our model with the experimental data. In modeling the DCSs, we used the parameters for the opacity functions, wϭ0.8 ͑flat-top͒ for channel ͑a͒ and wϭ0.2 ͑peripheral type͒ for channels ͑b͒ and ͑c͒, with nϭ3 for all three channels ͑see Fig.  12͒ . Overall, our model successfully captures the general features of each channel for the ͑a͒ HCl (vϭ0)ϩCH 3 ͑v 1 or v 3 ϭ1͒ and ͑b͒ HCl (vϭ1)ϩCH 3 ( 2 ϭ1) channels, a significant impulse is released into product translation (⌬E/E 0 ϳ2), which deflects the trajectory of the product away from the initial direction, leading to side and back scattering; for the thermoneutral channel, ͑c͒ HCl (vϭ1)ϩCH 3 ( 1 ϭ1), little impulsive energy release occurs. Therefore, the propensity for collisions with high-impact parameters leads to forward scattering. Both the DCSs of channels ͑a͒ and ͑b͒ show a sharp drop in intensity near cos ϭ0.6. This behavior is in remarkable agreement with the predicted minimum scattering angle, cos min ϭ0.59 for channel ͑a͒ and cos min ϭ0.64 for channel ͑b͒, which is consistent with our hypothesis that the H-atom abstraction occurs along the line of centers. The rupture of the C-H bond before or after the hard sphere contact leads to larger or smaller limiting scattering angles, respectively.
The angular distribution for channel ͑a͒ is better modeled by a ''flattop'' (wϭ0.8) opacity function than by opacity function of the peripheral (wϭ0.2) type ͑see Figs. 12 and 14͒. On the other hand, channels ͑b͒ and ͑c͒ can be modeled by the same peripheral opacity function (wϭ0.2). We conclude that the cone of acceptance for channel ͑a͒ is significantly wider than those for channels ͑b͒ and ͑c͒. In other words, this reaction channel has a more relaxed ͑looser͒ transition-state geometry. An increased cone of acceptance necessarily causes the opacity function to be less peripheral, which leads to an increased probability for the reaction with low impact parameters. This hypothesis of relaxed transitionstate geometry for channel ͑a͒ is also consistent with the slightly hotter rotational distribution for channel ͑a͒ than for channel ͑b͒, as discussed in Sec. V A. It is worth while to note that the DCS for the vibrationally nonadiabatic channel ͑b͒ is consistent with our hard-sphere impulse release model and has a narrow cone of acceptance for the reaction. This consistency, together with the cold rotational distribution, indicates that the transition state for this channel is restricted to be collinear and the vibrational energy is redistributed instantaneously.
In summary, the overall agreement of our model with the data confirms the picture that the rupture of C-H bond occurs along the line of centers at the point of hard sphere contact. The observed channel specificity of DCS results from the combined effect of the differences of cone of acceptance and the degree of impulse release that deflects the trajectory away from the forward scattered region.
D. Rotational polarization of the HCl "vÄ1, JÄ1… product
If we assume that the rotational excitation of the product is caused by the torque imparted to the HCl moiety at the transition state, the distribution of the rotational angular momentum vector should be perpendicular to the impulse release direction. Furthermore, the distribution should be cylindrically symmetric with respect to the impulse release direction. For the HCl (vϭ1, Jϭ1) product, this behavior is represented by three alignment moments A 0 (2) (F)Ͻ0, A 1 (2) (F)ϭ0, and A 2 (2) (F)ϭ0, where F stands for the reference frame, with the z axis parallel to the axis of cylindrical symmetry. We consider the following three limiting cases for the cylindrical symmetry axis: it lies along u CM , or along u HCl , or along the line of centers (d ). The symmetric J-vector distribution around the vector u CM or u HCl corresponds to the cases when the HCl products are formed near the entrance channel or the exit channel, respectively, whereas the symmetric J distribution around the line of centers corresponds to the formation of HCl along the line of centers. Figure 15 shows the comparison of these three cases in the STF frame with the observed A 0 (2) ͑STF͒ moment of HCl (vϭ1, Jϭ1). Our data shows good agreement with the curve corresponding to A 0 (2) (d )ϭϪ0.6. The agreement between the model and the data is poor in the backward scattered direction. This discrepancy likely is caused by interference from the off-diagonal moments that we neglected in our analysis. The measured alignment moment of HCl (vϭ1, J ϭ1) again agrees with our picture that the H-atom transfer occurs along the direction of the line of centers.
VI. CONCLUSIONS
In this work, we have determined the correlated energy disposal, and the product differential cross sections of the reaction ClϩCH 4 ͉1100;F 2 ͘→HClϩCH 3 . The internal energy distributions and the correlated energy disposal of HCl and CH 3 products show that the majority of the products are formed without significant energy redistribution of the initially prepared motion of the CH 4 . We have also identified the minor, vibrationally nonadiabatic channel HCl (vϭ1) ϩCH 3 ( 2 ϭ1). We propose that the low-frequency bending mode character ( 4 ) of CH 4 channel. The angular distributions for three identified channels and the scattering-angle-resolved rotational alignment moment show that the H atom is transferred, and hence impulse is released along the hard-sphere line-of-centers direction ͑see Fig. 16͒ . Our results clearly demonstrate that the direct and local mode picture of the chemical reaction remains largely valid for the reaction involving vibrationally excited methane.
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APPENDIX: CORRECTION FACTORS FOR HCl F -X "1, 2… TRANSITIONS
The correction factors for the F -X ͑1, 2͒ transitions were experimentally obtained by pumping a single HCl rotational line of the vϭ2←vϭ0 overtone transition with an IR beam. Table II lists the ratios of the enhanced HCl (v ϭ2, J) signal and the depleted HCl (vϭ0, JЈ) signal that were obtained using the F -X ͑1, 2͒ and F -X ͑0, 0͒ 2ϩ1 REMPI schemes. These ratios are corrected for the difference in UV probe power, and multiplied by the published correction factors for the F -X ͑0, 0͒ transition. 15 It must be warned that due to the significant intensity-dependent ion fragmentation, difference in power density or focusing condition of the REMPI laser beam can change the correction factors. 
